INTRODUCTION

56
Streptococcus pneumoniae is a major pathogen, responsible for severe infections, and is 57 currently the main cause of community-acquired infections worldwide (otitis media, 58 sinusitis, bacteremia, pneumonia and meningitis) (10). S. pneumoniae resistance to 59 antibiotics was first described >25 years ago, and has been a growing concern ever since, 60 especially during the last 10 years, with the majority of clinical isolates now being commonly 61 resistant or even multiresistant to antibiotics. 62
The rate at which resistant strains spread throughout the population is the result of 63 complex interactions among several factors, reflecting pathogen, host and environmental 64 characteristics. The association between antibiotic use and spread of S. pneumoniae 65 resistant strains has been established for many antibiotic classes, namely beta-lactams, 66 macrolides and fluoroquinolones (16). But it is generally thought that the balance between 67 the volume of antibiotic consumption in the population and the magnitude of the 68 bacterium's fitness cost tied to resistance acquisition is predictive of resistance persistence 69 within a population (17) . Depending on whether their competitive disadvantage derived 70 from resistance acquisition is offset by high-level antibiotic exposure, resistant strains are 71 able to displace or not susceptible strains. 72
Concerning fitness cost, the authors of several studies observed that alterations of 73 penicillin-binding proteins, the mechanism by which S. pneumoniae acquires resistance to 74 beta-lactams, were associated with defective growth in drug-free medium and lower 75 virulence than susceptible strains in mouse models (4, 23), even though the relationship 76 between resistance and virulence appeared highly complex and dependent on the serotype. 77
However, it remains unclear whether resistance affects the ability of S. pneumoniae to 78 colonize, and, therefore, to be transmitted between hosts. Fernebro et al., using a murine 79 on June 23, 2017 by guest http://aac.asm.org/ Downloaded from intranasal installation model, concluded that even large fitness defects did not impede S. 80 pneumoniae colonization of the upper airways (11), whereas Trzcinski et al. observed 81 diminished ability to colonize the upper airways among resistant strains, and deduced that 82 antibiotic selective pressure was required to maintain resistance in the population (26). To 83 our knowledge, no epidemiological study attempted to link these in vitro and/or 84 experimental results to real data from human populations. Therefore, how those predictions 85 apply to a human epidemiological setting is unknown. 86
Because nasopharyngeal colonization is the key event leading to cross-transmission, on 87 the one hand, and infection, on the other (15, 20), it appears extremely important to analyze 88 the factors responsible for S. pneumoniae transmission in the population, like the impact of 89 resistance described below. These factors also comprise high antigenic diversity, with about 90 90 serotypes described to date, and the effects of public health measures, e.g. the 91 introduction of the pneumococcal conjugate vaccine and antibiotic-use-restriction policies 92 applied in some countries, including France. 93
That vaccine has successfully diminished invasive diseases caused by the serotypes it 94 contains, with an additional and unexpected effect on colonization (15). However, the 95 emergence of non-vaccine serotypes has raised concern about a possible phenomenon of 96 serotype replacement, which could jeopardize vaccine efficacy. Accordingly, whether or not 97 the epidemic success of S. pneumoniae depends on the serotype could become a crucial 98 issue concerning the contents of future pneumococcal vaccines, and the choice of new 99 serotypes to include. 100
Based on some evidence that decreasing antibiotic use can lower resistance rates (12), 101 many countries have initiated public health programs to optimize antibiotic prescriptions in 102 the community. Therefore, the way S. pneumoniae resistance affects the ability of the 103 on June 23, 2017 by guest http://aac.asm.org/ Downloaded from strains to be transmitted is likely to have important consequences, when considering the 104 natural rise of susceptible strains, and the competition of resistant strains with them 105 subsequent to less antibiotic use in the population following antibiotic containment policies. 106
During our population-based study, we observed that less antibiotic exposure led to the 107 rapidly enhanced dissemination of antibiotic-susceptible strains in 3-6-year-old children 108 (12). That investigation provided unique epidemiological data to assess in real life how the 109 serotypes and antibiotic resistance affect the epidemic success of S. pneumoniae. Herein, we 110 estimated the transmission parameters of S. pneumoniae with the aim of examining how 111 those two factors might be able to account for transmissibility heterogeneity. 112
113
MATERIALS AND METHODS
114
Based on the epidemiological data from an interventional trial on S. pneumoniae 115 carriage in French kindergartners conducted in 2000, we explored hypothetical 116 transmissibility differences among S. pneumoniae serotypes, using a compartmental model 117 of S. pneumoniae transmission. 118
119
Data 120
The data had been obtained in a non-randomized, prospective, controlled, population-121 based trial applying multidimensional interventions to reduce antibiotic use in the 122 community (12). That study compared two interventions with a control cohort of children. 123
The specific targeted intervention-population was 3-6-year-old kindergartners. Informed 124 consents were obtained from the parents prior to the study. Children were monitored for 5 125 months (January to May 2000), and screened thrice (January, March and May) for S. (bioMérieux, Marnes-la-Coquette, France)(14) and strains were serotyped using latex 130 particles coated with a complete panel of antisera and factor serum, able to identify the 90 131 known serotypes. Data on antibiotics taken by children were recorded in real time in the 132 questionnaires prospectively distributed to parents, coupled with health-insurance 133 reimbursement data. The follow-up period was similar for all children in a given school. Of 134 the 36 serotypes observed during the interventional trial, only 14 were studied here, those 135 for which at least 10 carriage events were observed during follow-up, to ensure of sufficient 136 significance of the results. 
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The model was then applied to simulate the transmission of a given S. pneumoniae 151 serotype in the population, assuming that non-carriers of this serotype are not colonized by 152 any S. pneumoniae strain whatsoever. Moreover, we assumed that individuals could not be 153 exposed to beta-lactams and macrolides at the same time. 154
155
Parameters 156 Table 1 defines the parameters used in the model and their values. A first set of 157 parameters was taken from the literature, namely, the natural duration of pneumococcal 158 carriage (28 days (9)), the mean duration of beta-lactam and macrolide administration (7 159 days for both (1)) and the efficacy of the two antibiotics against susceptible strains (effective 160 in 5 days (7)). Because our system was closed (no study population changes during follow-161 up), death and birth rates were null; in addition, at the time of the study (2000), the 162 heptavalent vaccine was not yet available so the model does not take it into account. 163
Another set of parameters had to be computed from the observed data. Hence, the 164 monthly antibiotic-consumption rate was estimated from the antibiotic exposure 165 (questionnaires filled out by the parents and insurance-reimbursement data), it was the only 166 time-dependent parameter in the model. Due to the closed system, colonization by a new 167 serotype (i.e. one that had not been observed at the beginning of follow-up) could not 168 append naturally in the simulation. However, children colonized by serotypes that had not 169 been reported at the study onset were observed, probably acquired outside school in their 170 households or missed in the first cultures. In order to model this serotype appearance, an 171 additional parameter (χ) was included in the model, allowing colonization by a new 172 serotype. This parameter was computed as the probability of being colonized by each of the 173 studied serotypes, and had the same parameter values for every serotype. 
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To assess and compare the transmissibility of the different strains, we chose to estimate 175 the infectious contact rate (or transmission rate) β, a classical parameter of epidemiological 176 models and to keep carriage duration constant among strains. We used a frequency-177 dependant assumption, in which the number of contacts per unit of time is independent of 178 the size of the population N: hence β/N represents the rate of transmission to each 179 susceptible child per colonized child. The transmission rates were estimated from the data 180 that had been collected during follow-up, using the method described below. 181 182
Estimation 183
For each serotype considered herein, we assigned a transmission rate for susceptible 184 strains (defined as being susceptible to beta-lactams and macrolides) and another, possibly 185 different one, to resistant strains (defined as being resistant to at least one of the considered 186 antibiotics). Then, we tried to determine whether the carried strain's antibiotic susceptibility 208 affected the transmissibility of each S. pneumoniae serotype. To this end, a transmission rate 209 was assigned to susceptible strains and another, possibly different, rate to resistant strains 210 and values of both were thereafter estimated. To test the hypothesis of a transmissibility difference between susceptible and resistant 216 strains within a serotype, the susceptible-to-resistant transmission rate ratio (β s /β r ratio) 217 was computed for each serotype for which at least 10 carriage events each of susceptible 218 strains and resistant strains had been observed during follow-up (table 2) . Five serotypes 219 were eligible (6A, 6B, 15A, 19A, 19F) ; their mean values ranged from 0.97 (serotype 19A) to 220 hypothesis value (1, same transmissibility for susceptible and resistant strains), which did 222 not allow any conclusion to be drawn concerning the transmissibility of susceptible strains 223 with respect to their resistant counterparts. Nevertheless, it can be noticed that the 15A 224 β s /β r ratio was <1, but it was >1 for 6B. For serotypes 6A and 19F, the estimated 95% CI were 225 significantly higher than the null-hypothesis value, with no overlapping, indicating a higher 226 transmissibility of susceptible strains. That estimation interval was significantly <1 for 19A, 227
suggesting a higher transmissibility of resistant strains. 1 acquisition per month (3) ). However, in the Danish study, serotype 23F was acquired at 248 a high rate and serotype 19A at a low rate, contrary to our findings. This discrepancy may be 249 due to ecological differences between the two countries, especially in light of the greater 250 antibiotic consumption in France. 251
It was shown that carriage duration depended on the capsule, with significant 252 differences among the serotypes (25). The mechanisms responsible for this capsular 253 serotype-specific effect remain unclear, although the results of a recent study pointed out 254 the possible existence of an S. pneumoniae serotype-specific immune response, mediated by 255 the charge of anticapsular antibodies generated in response to the colonization by that 256 serotype (27). If so, this specific immune response would be responsible for a lower risk of 257 carriage, resulting in a diminished transmissibility depending on the serotype. An alternative 258 explanation was provided in a recent study, where the authors found that serotype 259 prevalence was correlated to the degree of encapsulation, most prevalent serotypes being 260 more encapsulated and more resistant to neutrophil-mediated killing (28). Our findings are 261 thereby consistent with those observations. As it was not possible, given the data, to 262 differentiate in the analysis between differences in carriage duration and differences in 263 transmissibility, we choose to fix common carriage duration for all serotypes and to allow 264 transmissibility to vary. Fixing a common transmissibility rate and varying carriage duration 265 could also have been done and would have resulted in the same conclusions regarding 266 which serotypes were the most epidemic. Our aim here was to provide global epidemicity 267 comparisons between strains, instead of estimating precise transmissibility rates for the 268 different pneumococcal serotypes. Our results also suggest that antibiotic susceptibility can affect the transmissibility of 278 the strains within a serotype. For some serotypes, we found that susceptible strains were 279 more transmissible than their resistant counterparts (6A, 6B and 19F), which is consistent 280 with the common notion of a cost of resistance, herein found at a population level. or no-cost mutations are selected in hosts during treatment, and that these strains are more 294 likely to spread in human populations, and also that compensatory mutations might occur 295 and restore fitness (2). These possible outcomes might, in part, account for the seemingly 296 counterintuitive results obtained for these serotypes. More generally, evidence is lacking 297 concerning whether in vitro fitness costs are predictive of evolution and ecology of a given 298 pathogen. This issue reflects the lack of an epidemiological definition of bacterial fitness at a 299 population level, i.e. epidemic fitness. Herein, we developed a modest way to measure the 300 competition between susceptible and resistant strains at the population level within a given 301 serotype based on the ratio of reproductive numbers (a common parameter used in 302 epidemiology to characterize epidemicity of a pathogen in a given population). We defined 303 the susceptible-to-resistant transmissibility ratio R s /R r (= β s λ s /β r λ r = β s /β r ), where R s
304
(respectively R r ) defines the reproductive number for susceptible strain (respectively for 305 resistant strain). Further studies are needed to provide a satisfactory fitness equivalent at 306 the population level so that an "intrinsic epidemicity" concept can be characterized. 307
Obviously, our analysis has some shortcomings. First, during the interventional study, 308 swabbing samples were obtained from the oropharynx rather than the nasopharynx, which 309 is the natural S. pneumoniae reservoir. That choice is likely to have underestimated the 310 number of carriers during the study and, in turn, estimated transmission rate values, as 311 oropharyngeal swabbing is known to be less sensitive than nasopharyngeal swabbing (22) . 312
However, because we compared transmissibility between serotypes and that lack of 313 sensitivity was uniform among them, this bias should not have affected our conclusions. Co-314 carriage information was not available from the data meaning that a few transmission 315 events are likely to have been missed in the analysis. Co-colonisation might play an 316 important role in the horizontal transfer of resistance in the nasopharynx (5) and for 317 on June 23, 2017 by guest http://aac.asm.org/ Downloaded from between-serotype competition (15). Therefore, extending this analysis to more detailed data 318 would prove very useful in the future. In addition, the interventional trial focused on 3-6-319 year-old children, so our results should only be interpreted for this population, as S. 320 pneumoniae epidemiology varies with age. Second, the mathematical model included some 321 over simplifications regarding pneumococcal epidemiology. In the model, the transmission 322 dynamics of each serotype was not influenced by the presence of the others. As the overall 323 prevalence of carriers was low during the study (about 10%), this condition should not have 324 been too restrictive for our analysis. Serotype appearance, representing either serotypes 325 acquired outside school or missed in the first swab cultures, was modeled here by using a 326 simple serotype-independent parameter, as no additional data was available for this 327 intervention trial. Household exposure is known to be important for pneumococcal 328 transmission. Nevertheless, by giving to all the serotypes the same chance of appearing in 329 the model, only those with high enough epidemicity could emerge and spread in the studied 330 population. Although such a hypothesis may not be realistic in the case of a big epidemic of 331 a specific strain happening in the adult population during the study period, it can otherwise 332 be considered realistic. Due to the scarcity of the data for some serotypes, we had to limit 333 our analysis to the most prevalent serotypes observed during the study, but similar 334 differences in epidemicity may exist for serotypes which were not considered here as well. 335
Last, due to the pooling of kindergartens, our population did not constitute a single-host 336 population in which the transmission fitness could have been better evaluated. This pooling 337 was possible here, because our aim here was to fit trends of serotypes dynamics rather that 338 transmission events on an individual basis. 339
The interventional trial from which the data were drawn was carried out in 2000, and 340 the spread of S. pneumoniae strains has changed since then, due to two major public health 341 
